ABBREVIATIONS ACTH = adrenocorticotropin hormone; BMI = body mass index; DI = diabetes insipidus; GTR = gross-total resection; NTR = near-total resection; STR = subtotal resection. OBJECTIVE There is a paucity of literature regarding the learning curve associated with performing endoscopic endonasal cranial base surgery. The purpose of this study was to determine to what extent a learning curve might exist for endoscopic endonasal resection in cases of craniopharyngiomas. METhODS A retrospective review was performed for all endoscopic endonasal craniopharyngioma resections performed at Thomas Jefferson University from 2005 to 2015. To assess for a learning curve effect, patients were divided into an early cohort (2005)(2006)(2007)(2008)(2009), n = 20) and a late cohort (2010-2015, n = 23). Preoperative demographics, clinical presentation, imaging characteristics, extent of resection, complications, tumor control, and visual and endocrine outcomes were obtained. Categorical variables and continuous variables were compared using a 2-sided Fisher's exact test and t-test, respectively. RESUlTS Only the index operation performed at the authors' institution was included. There were no statistically significant differences between early and late cohorts in terms of patient age, sex, presenting symptoms, history of surgical or radiation treatment, tumor size or consistency, hypothalamic involvement, or histological subtype. The rate of gross-total resection (GTR) increased over time from 20% to 65% (p = 0.005), and the rate of subtotal resection decreased over time from 40% to 13% (p = 0.078). Major neurological complications, including new hydrocephalus, meningitis, carotid artery injury, or stroke, occurred in 6 patients (15%) (8 complications) in the early cohort compared with only 1 (4%) in the late cohort (p = 0.037). CSF leak decreased from 40% to 4% (p = 0.007). Discharge to home increased from 64% to 95% (p = 0.024). Visual improvement was high in both cohorts (88% [early cohort] and 81% [late cohort]). Rate of postoperative panhypopituitarism and permanent diabetes insipidus both increased from 50% to 91% (p = 0.005) and 32% to 78% (p = 0.004), which correlated with a significant increase in intentional stalk sacrifice in the late cohort (from 0% to 70%, p < 0.001). CONClUSIONS High rates of near-or total resection and visual improvement can be achieved using an endoscopic endonasal approach for craniopharyngiomas. However, the authors did find evidence for a learning curve. After 20 cases, they found a significant decrease in major neurological complications and significant increases in the rates of GTR rate and discharge to home. Although there was a large decrease in the rate of postoperative CSF leak over time, this was largely attributable to the inclusion of very early cases prior to the routine use of vascularized nasoseptal flaps. There was a significant increase in new panhypopituitarism and diabetes insipidus, which is attributable to increase rates of intentional stalk sacrifice.
H arvey Cushing has described craniopharyngiomas as the "most forbidding of the intracranial tumors." 5, 6, 10 In his published series of 2000 intracranial operations, there were approximately 92 craniopharyngiomas, 14 of which were treated via a transsphenoidal route. 1, 5 Cushing experienced a 14% mortality rate and virtually abandoned the transsphenoidal route in favor of the subfrontal route for these tumors. 5, 6 The introduction of the operating microscope, in addition to intravenous cortisone and antibiotic therapy, significantly reduced the perioperative mortality rate in the 1950s. Nonetheless, the intimate relation of these tumors with the hypothalamus, optic apparatus, internal carotid arteries, and surrounding perforators still resulted in considerable perioperative morbidity. The introduction of the expanded endoscopic transnasal approaches in the early 2000s has reinvigorated interest in surgically treating craniopharyngiomas via a transnasal route. 2, 3, 9, 16, 19, 27 The theoretical advantages of the transnasal route include greater visualization of the optic chiasm perforators, direct visualization of bilateral hypothalami, and the elimination of brain retraction. A recent systematic review found significantly greater rates of gross-total resection (GTR), improved visual outcome, and reduction of seizures, at the expense of significantly increased postoperative CSF leaks. 15 However, significant selection bias exists in such a comparison, and larger series of transcranial operations for craniopharyngiomas suggested that better outcomes can be obtained at more experienced centers. 7, 11, 12, 23 Despite the growing experience in endoscopic endonasal techniques, the treatment of craniopharyngiomas via this route still requires significant technical skill and experience. There is a paucity of literature regarding the learning curve associated with treating these uncommon tumors via the endonasal approach. In fact, very little published documentation exists regarding the learning curve associated with endonasal cranial base cases in general. 17, 18, 24, 30, 33 The purpose of the present study was to determine if, and to what extent, a learning curve exists for the endoscopic transnasal resection of craniopharyngiomas.
Methods

Study Population
The study population consisted of all cases from November 2005 to December 2015 treated at the authors' institution of patients who had a histological diagnosis of craniopharyngioma and who were treated via an endoscopic transnasal approach. Endoscopic skull base cases were initially performed at our institution starting in 2004. To assess for a learning curve effect, craniopharyngioma cases were divided into an early cohort (2005) (2006) (2007) (2008) (2009) ) and a late cohort (2010) (2011) (2012) (2013) (2014) (2015) .
All patients underwent a preoperative biochemical endocrinological evaluation including morning (7-8 am) serum cortisol or adrenocorticotropin hormone (ACTH) stimulation test, ACTH growth hormone, insulin-like growth factor-1, prolactin, thyroid-stimulating hormone, free T4, luteinizing hormone, follicle-stimulating hormone, and testosterone. Although some patients had a component of increased thirst and urination preoperatively, a diagnosis of preoperative diabetes insipidus (DI) was considered only if desmopressin was started preoperatively. All patients underwent postoperative endocrine testing in the follow-up period, and postoperative endocrine deficits were diagnosed by the presence of corresponding low serum values or if the patient already required replacement hormonal therapy.
All patients underwent pre-and postoperative visual acuity and Humphrey visual field testing performed by an independent ophthalmologist. Visual outcome was graded as improved, stable, or worse. Body mass index (BMI) was recorded just prior to surgery and at the most recent follow-up time point.
All patients were evaluated preoperatively by an otolaryngologist, and all underwent thin-slice CT scanning of the sinus and a volumetric contrast-enhanced MRI, unless medically contraindicated. The hypothalamus was considered involved if the tumor displaced or invaded the medial or inferior hypothalamus on at least one side. Extent of resection on postoperative MRI was defined as GTR, near-total resection (NTR) if > 95% of the tumor was removed, and subtotal resection (STR) if < 95% of the tumor was removed. MRI assessment of extent of resection was performed by an independent neuroradiologist. Recurrence and progression were defined as the appearance of new tumor after a previous GTR or the growth of residual tumor after NTR or STR, respectively. This retrospective study was approved by the Thomas Jefferson Institutional Review Board.
Operative Technique
A 2-surgeon, 4-handed technique with binostril access was employed. The surgical technique has been previously described. 8 A few nuances are noted as follows. Middle turbinates were lateralized rather than resected in all patients. The bone of the tuberculum sella was removed laterally to include the lateral tubercular strut to provide wide access to bilateral medial opticocarotid recesses. The superior intercavernous sinus was controlled either by direct electrocautery or by injection of hemostatic agents into the sinus. Aggressive central debulking was performed in all cases to allow greater ease in mobilization of the tumor capsule. Reconstruction of the skull base varied in earlier cases but, around 2008, was standardized to a fascia lata inlay/onlay button graft as we have previously described, followed by a vascularized nasoseptal flap, synthetic dural sealant, and absorbable packing. 2 Middle turbinates were medialized at the end of the procedure. No nonabsorbable materials, stents, or balloons were used. Lumbar drains were infrequently used, but were so used at the discretion of the treating surgeon. Antibiotic prophylaxis with a firstgeneration cephalosporin or vancomycin in the setting of penicillin allergy was administered within 1 hour prior to surgery and continued for 24 hours postoperatively.
Statistical Analysis
To compare the early and late cohort demographics, tumor characteristics, and outcomes, a 2-sided chi-square analysis was performed for categorical variables. For variables with counts fewer than 5, a 2-sided Fisher's exact test was performed. A 2-sided t-test was used for all continuous variables. p < 0.05 was considered significant.
Results
A total of 49 endoscopic endonasal resections were performed in 43 patients from November 2005 to December 2015. Only the index endoscopic endonasal operation performed at our institution was included in the final analysis, leaving 43 patients/operations for analysis.
The mean age was 42.3 years overall and was not significantly different between early and late cohorts (44.9 vs 40.0 years, respectively; p = 0.309) ( Table 1 ). There was a slight male predominance (58%) overall, and it was similar between cohorts. All patients presented with some degree of visual loss attributable to the tumor. Other common presenting symptoms included headache (49%), endocrinopathy (30%), fatigue (14%), weight gain (7%), and memory or cognitive impairment (5%). There were no significant differences in presentation between cohorts.
Twelve patients (28%) had prior surgery for resection of craniopharyngioma. Of these 12 patients, 8 had a prior transcranial approach and 4 had a prior transsphenoidal approach. There were no significant differences between the 2 cohorts. Prior Ommaya reservoir placement was performed only in 1 patient, and no patient had previously received intracystic therapy. Four patients (9%) had a history of radiotherapy to treat the craniopharyngioma.
Median tumor diameter in the early cohort was 29 mm compared with 30 mm in the late cohort ( Table 2 ). The majority (67%) of tumors were both solid and cystic. A minority of patients had predominantly cystic (21%) or solid (12%) tumors. Tumor consistency was similar between cohorts. Most patients (88%) had tumors involving the hypothalamus. The adamantinomatous histological sub- type was more common (67%) than the papillary subtype (30%) overall, but the distribution of histological subtypes between cohorts was similar. The extent of resection was significantly different between early and late cohorts. Gross-total resection was achieved in 65% of cases in the late cohort compared with only 20% in the early cohort (p = 0.005) ( Table 3) . Subtotal resection was performed in 40% of early cases compared with only 13% of late cases (p = 0.078).
Complications were more frequent in the early cohort (Table 3) . A CSF leak occurred in 8 patients (40%) in the early cohort compared with only 1 (4%) in the late cohort (p = 0.007). There was 1 carotid artery injury and 1 stroke (in the same patient) in the early cohort only. There were 2 cases of meningitis in the early cohort only. Major neurological complications including new hydrocephalus, meningitis, carotid artery injury, or stroke occurred in 6 patients (14%) (8 complications) in the early cohort compared with only 1 (4%) in the late cohort (p = 0.037). Median length of stay was 6 days for both cohorts. However, there was a significant difference in discharge status between cohorts. In the early cohort, only 64% of patients were discharged to home (as opposed to rehabilitation or nursing facility) compared with 95% in the late cohort (p = 0.024).
Visual outcome results were available in 37 patients and were similar between cohorts (Table 4) . Overall, visual improvement was seen in 84% of patients. The overall rate of vision normalization was 24%. Postoperative vision was stable in 5 patients (14%) and worsened in 1 (3%), with the single case of visual deterioration occurring in a patient in the early cohort.
Postoperative endocrinopathy was much more common in the late cohort, most likely a reflection of the more aggressive resection and greater proportion of infundibulum sacrifice (Table 5 ). New or worsening anterior pituitary endocrinopathy occurred in 5 (28%) of 18 patients in the early cohort compared with 15 (65%) of 23 in the late cohort (p = 0.017). Normal postoperative endocrine function was only achieved in 1 patient (4%) in the late cohort compared with 5 (28%) in the early cohort (p = 0.070). New permanent DI was significantly more frequent in the late cohort (61% vs 21%, p = 0.013). In the early cohort, the infundibulum was preserved in 15 patients (75%). In the remaining cases, the infundibulum was not identified and was likely sacrificed in a prior operation (3 patients) or was indeterminate on review of the operative report (2 patients). Conversely, in the late cohort, the infundibulum was only preserved in 2 patients (9%) and was intentionally sacrificed in 16 (70%), which was a statistically significant difference between cohorts (p < 0.001). In the remaining cases in the late cohort, the infundibulum was not identified and likely sacrificed in a prior operation (3 patients) or was indeterminate on review of the operative report (2 patients). Of the total 17 patients with infundibulum preservation, preoperative anterior pituitary function was normal in 6 patients and partial hypopituitarism was present in 8 patients. After surgery with infundibulum preservation, of the 6 patients with normal anterior pituitary function, 5 remained with normal function and 1 developed panhypopituitarism. Of the 8 patients with preoperative partial hypopituitarism, 4 remained stable and 4 developed further hypopituitarism. Of these 17 patients, preoperative DI was absent in 15. Postoperatively, 3 (20%) of these patients developed permanent DI, whereas posterior pituitary function was preserved in 15 (80%). The availability of preoperative BMI data in the early cohort was limited. Therefore, change in BMI between the most recent follow-up and preoperative state was only determined in 26 patients (5 early and 21 late cohort). The mean rate of BMI increase was 3.1. Of the 26 patients, 15 (58%) had a BMI increase of > 2 and 7 (27%) had a BMI increase > 5. Overall mean and median follow-up durations were 40.4 and 29 months, respectively ( Table 6 ). As expected, the mean follow-up duration was significantly longer in the early cohort (53.4 vs 29.2 months, p = 0.024). Twelve patients required adjuvant fractionated stereotactic radiotherapy for incomplete resection. Although the difference in follow-up durations renders comparison difficult, 6 patients (33%) in the early cohort developed tumor progression or recurrence compared with 4 (19%) in the late cohort (2 patients in each group had fewer than 3 months of follow-up). The overall mean time to progression/recurrence was 17.5 months. The treatment of recurrence included multimodality therapies including Ommaya reservoir placement, intracystic P32 isotope, reoperation, and stereotactic radiotherapy.
Discussion
Study Interpretation
This study demonstrates a significant learning curve in endoscopic endonasal resection of craniopharyngiomas. There was a statistically significant reduction in major neurological complications and postoperative CSF leaks in the late cohort. In addition, there was a large statistically significant increase in the proportion of patients discharged to home rather than to a rehabilitation or nursing facility in the late cohort. There was also a large statistically significant increase in the rate of GTR in the late cohort. This may, in part, reflect a shift in practice with regard to stalk management, as there was a significant increase in the proportion of stalk sacrifice in the late cohort. However, this is unlikely the sole explanation, as one would expect that a small rind of tumor left adjacent to the stalk in attempt to preserve it would convert a GTR to a NTR (> 95%). However, we saw a large decrease in STR as well (40% to 13%), but this was not statistically significant (p = 0.078). As expected, the increased frequency of stalk sacrifice in the late cohort was accompanied by a significant increase in the rate of new postoperative endocrinopathy including panhypopituitarism and DI.
learning Curve in Craniopharyngioma Surgery
There currently exists no evidence regarding the learning curve for endoscopic endonasal craniopharyngioma surgery. Prior studies evaluating the learning curve in endoscopic endonasal pituitary surgery have yielded mixed results. Sonnenburg et al. evaluated their results with pi- 30 Another study demonstrated significant improvement in visual outcome and operating time after 50 endoscopic endonasal pituitary cases. 18 It would seem self-evident that there would be a learning curve in expanded endonasal cranial base procedures in which the depth of surgical field is increased and the lesions are more intimately associated with critical neurovascular structures. 31, 32 However, there is a paucity of evidence to demonstrate this learning curve and provide appropriate recommendations. One prior study demonstrated a learning curve in endoscopic endonasal chordoma resection with regard to GTR rates. In this study of 60 cases, the GTR rate progressively increased from 47% in the first 15 cases to 93% in the last 15 cases. 17 Our data clearly demonstrate an improvement in oncological outcomes as well as nonendocrine complication avoidance with increased experience using the endonasal endoscopic approach. To expedite surgical mastery of the procedure and allow for rapid progression along this learning curve, we have identified several key nuances in endonasal endoscopic craniopharyngioma surgery. Surgical judgment remains paramount, however, and the goals of surgery must be assessed on a case-by-case basis as improvements in extent of resection and visual outcomes may come at the expense of increased postoperative endocrine dysfunction.
Optimizing visual outcomes is one of the key end points of successful craniopharyngioma surgery. One of the primary advantages of the endoscopic endonasal approach is the direct visualization of the optic apparatus perforator vessels that arise off the superior hypophyseal arteries. While sacrifice of 1 or 2 smaller perforating branches may not necessarily result in vision loss, every attempt should be made to preserve each vessel when possible. During initial arachnoidal dissection, a plane between the left and right superior hypophyseal perforating branches is created and developed with a microdissector, sweeping the arachnoid from inferior to superior and from medial lateral, to mobilize the optic apparatus perforators toward the optic chiasm. From a transcranial approach, these perforators often cannot be adequately visualized, and a prior meta-analysis demonstrated that better postoperative visual outcome was achieved with the endoscopic endonasal approach than with transcranial approaches. 15 The second nuance in successful craniopharyngioma surgery is the prevention of ischemic injury, which can be one of the most devastating complications associated with removal of a benign tumor. Numerous perforators exist in the suprasellar region and interpeduncular fossa, including the medial lenticulostriate vessels and the recurrent artery of Heubner arising from the anterior cerebral artery and/or anterior communicating artery, lateral lenticulostriate vessels arising from the M 1 branch of the middle cerebral artery, and the thalamic perforators arising from the posterior communicating artery and/or posterior cerebral artery. Avoidance of primary direct injury requires steadfast adherence to the policy that resection of the tumor capsule must be performed under direct visualization and with sharp dissection. Avoidance of any temptation to pull or perform blind dissection is critical to minimize vascular injury. Furthermore, secondary injury related to immediate or delayed vasospasm has been reported after craniopharyngioma surgery as well. 22, 28, 29 Vasospasm may be related to subarachnoid hemorrhage caused by tumor dissection. However, it has also been hypothesized that the caustic nature of cystic craniopharyngioma fluid may also result in vasospasm. An experimental model with rat femoral arteries has demonstrated that direct contact of the vessel with craniopharyngioma cystic fluid induces arterial vasospasm. 13 Therefore, the craniopharyngioma cyst must be entered in a controlled fashion. A small opening is created in the cyst wall with simultaneous aspiration at the puncture site to avoid spillage of cyst contents into the subarachnoid space. Prevention of cystic fluid spillage into the subarachnoid space and/or third ventricle may also help decrease the likelihood of postoperative communicating hydrocephalus, CSF leak, aseptic meningitis, and possibly even distant ectopic seeding of the tumor. 4 As stated previously, appropriate judgment in regard to the extent of surgical resection is also a critical nuance that can greatly impact outcome. When dissecting tumor from the walls of the hypothalamus, a gliotic plane can often be identified and used to enable safe tumor removal. However, occasionally tumor appears invasive or excessively adherent to the hypothalamus and prudent judgment is required as to whether residual tumor must be left behind ( Figs. 1  and 2) . Additionally, the nature of the craniopharyngioma capsule is such that it is often very adherent to the optic chiasm or perforating vessels. There is an increasing body of evidence demonstrating that long-term tumor control rates may be similar between GTR alone and STR followed by adjuvant radiotherapy. 34 Therefore, GTR at the expense of increased risk of hypothalamic injury, visual deterioration, or perforator injury is likely not justified.
In our series, we found a significant change in the management of tumor adherent to the infundibulum. Transinfundibular-type craniopharyngiomas incorporate the entire infundibulum in the center of the tumor, and complete resection cannot be achieved without sacrifice of the infundibulum 14 (Fig. 3) . However, other tumors may be parainfundibular (pre-or retroinfundibular), with the tumor arising eccentrically from the infundibulum (Fig. 4) . In these cases, the tumor may be removed, with anatomical preservation of the infundibulum. However, functional preservation does not always correlate with anatomical preservation, and the impact of hypopituitarism must be weighed against the risk of tumor recurrence. Furthermore, one must consider that the use of adjuvant radiotherapy may itself induce hypopituitarism in cases of functional infundibulum preservation. Finally, in cases of planned STR or NTR due to adherence of the tumor to neurovascular structures, the added morbidity associated with infundibulum sacrifice may not be worth the limited additional oncological benefit.
One of the last important aspects of the learning curve in endoscopic endonasal craniopharyngioma surgery pertains to nuances in cranial base reconstruction. In our series, 6 of the CSF leaks occurred in the first 12 cases, prior to the use of nasoseptal flaps, which have been employed since 2007 at our institution. In addition, 2 of these 12 cases were purely infradiaphragmatic tumors, in which oxidized cellulose onlay alone was used for reconstruction with no postoperative CSF leak. In the last 31 cases since 2007 we have used an inlay/onlay fascia lata "button" reconstruction followed by nasoseptal flap placement. 21 This technique resulted in 1 CSF leak in the 8 cases in which it was used in the early cohort. Subsequently, only 1 CSF leak occurred in the 23 cases of the late cohort.
limitations
There are several important limitations in this study. First, any time-based comparison will always be subject to bias because advances in scientific understanding, technology, anesthetic technique, and perioperative management may contribute to better outcome in more recently treated patient populations compared with historical controls. However, the relatively short time interval and lack of time gap between the early and late cohorts may minimize this effect. Second, while data must be categorized together into cohorts for statistical assessment, the learning curve is a continuous process and therefore it is difficult to make a true determination if our cutoff of 20 cases is sufficient to progress beyond the learning curve in endoscopic endonasal craniopharyngioma surgery. Finally, significant differences in the length of follow-up prevent adequate comparison of recurrence rates between the early and late cohorts.
Patient Selection
Anatomical variations and pathological features must be carefully studied preoperatively. Some tumors may be best addressed surgically via a transcranial or staged approach. Tumors extending lateral to the optic nerves or involving the M 1 segment of the middle cerebral artery may be very difficult to safely access from an endonasal approach. In addition, optic chiasm anatomy must be carefully studied. Normal anatomy of the optic chiasm can vary from prefixed to postfixed in an anteroposterior axis, and low to high in a craniocaudal axis. 20 A high, prefixed chiasm provides the largest endonasal surgical working corridor into the retrochiasmatic space. Conversely, a low postfixed chiasm may be unfavorable from an endonasal perspective. Most craniopharyngiomas arising from the distal two-thirds of the infundibulum tend to displace the optic chiasm superiorly. One must be cognizant of the tuberoinfundibular type of craniopharyngioma, which arises from the floor of the third ventricle and often pushes the optic chiasm anteroinferiorly. 25, 26 Such tumors may require retraction of the optic chiasm to access the tumor, which is associated with increased risk of visual deterioration.
Conclusions
Overall, the results of this study suggest that high rates of GTR and visual improvement or even normalization are achievable via the endoscopic endonasal approach for craniopharyngioma resection. However, we have demonstrated that a learning curve clearly exists with regard to the extent of tumor resection and nonendocrine morbidity. After 20 cases, we identified a significant decrease in major neurological complications as well as a significant increase in discharge to home status. Although there was a large decrease in the rate of postoperative CSF leak, this was largely attributable to early cases prior to the routine use of vascularized nasoseptal flaps. There was a significant increase in new panhypopituitarism and DI, which is attributable to more frequent intentional stalk sacrifice in the late cohort. Rates of GTR significantly increased over time as well, which may also be partially attributable to the shift in infundibulum management from preservation to sacrifice.
